Cuticular hydrocarbons (CHCs) are ubiquitous and highly diverse in insects, serving as communication signal and waterproofing agent. Despite their vital function, the causes, mechanisms and constraints on CHC diversification are still poorly understood. Here, we investigated phylogenetic constraints on the evolution of CHC profiles, using a global data set of the species-rich and chemically diverse ant genus Crematogaster. We decomposed CHC profiles into quantitative (relative abundances, chain length) and qualitative traits (presence/absence of CHC classes). A species-level phylogeny was estimated using newly generated and previously published sequences from five nuclear markers. Moreover, we reconstructed a phylogeny for the chemically diverse Crematogaster levior species group using cytochrome oxidase I. Phylogenetic signal was measured for these traits on genus and clade level and within the chemically diverse C. levior group. For most quantitative CHC traits, phylogenetic signal was low and did not differ from random expectation. This was true on the level of genus, clade and species group, indicating that CHC traits are evolutionary labile. In contrast, the presence or absence of alkenes and alkadienes was highly conserved within the C. levior group. Hence, the presence or absence of biosynthetic pathways may be phylogenetically constrained, especially at lower taxonomic levels. Our study shows that CHC composition can evolve rapidly, allowing insects to quickly adapt their chemical profiles to external selection pressures, whereas the presence of biosynthetic pathways appears more constrained. However, our results stress the importance to consider the taxonomic level when investigating phylogenetic constraints.
Introduction
Cuticular hydrocarbons (CHCs) are ubiquitous in insects and perform two different functions: they waterproof the insect body, and they are used for information transfer (Blomquist & Bagn eres, 2010) . Due to this dual function, cuticular hydrocarbons are indispensable for insects and shaped by two different selection pressures. Firstly, they are affected by the waterproofing requirements of the insect's habitat (Gibbs et al., 2003;  Cuticular hydrocarbons form a waxy layer on the cuticle of insects that can consist of more than 100 different substances (Martin & Drijfhout, 2009; Blomquist & Bagn eres, 2010; Kather & Martin, 2015) . The main hydrocarbon classes include unbranched alkanes (n-alkanes), alkanes with one or more methyl branches (mono-, di-, tri-, tetramethyl alkanes) and hydrocarbons with one or two unsaturations (alkenes and alkadienes). The backbone of the hydrocarbon molecule forms a chain of 20 to 50 carbon atoms (Blomquist & Bagn eres, 2010) . Molecules combining methyl branches and double bonds are rare (Menzel et al., 2008) .
Recent years have seen a drastic increase in our understanding of CHC biosynthesis. CHCs are produced by stepwise elongation of fatty acids by malonate (unbranched) or methyl malonate (branched) moieties. Unsaturations are inserted by desaturase activity (Blomquist, 2010) . The final fatty acid is decarboxylated and converted into a hydrocarbon, yielding a hydrocarbon with an odd-numbered chain length in most cases. The gene families involved in CHC biosynthesis diversified vastly in social insects (Zhou et al., 2012; Helmkampf et al., 2014) . This coincides with their highly complex CHC profiles and might be related to the complexity of information transferred in social insect colonies (Leonhardt et al., 2016) .
Intraspecific CHC variation between individuals is usually restricted to changes in quantitative composition, where qualitative differences only occur between sexes, or, in social insects, castes (Leonhardt et al., 2016) . In contrast, interspecific CHC variation is large. Even closely related species show strong differences in qualitative substance composition and chain lengths despite a certain substance overlap (Morrison & Witte, 2011; Pokorny et al., 2013) . The high chemical diversity between species raises the question as to how CHC profiles evolve, and whether their evolution is phylogenetically constrained.
As alterations in single genes can have strong effects on CHC profiles, chemical traits may evolve in a saltational way. In this scenario, phases of little or no evolutionary change are disrupted by radical changes in chemical traits. This is expected if either few mutations suffice to induce large-scale changes in chemical traits (pleiotropic effects), and especially so if chemical traits are relevant for mate recognition. In this case, slight deviations are selected against, whereas radical deviations may result in speciation (Symonds & Elgar, 2008) . For example, volatile sex pheromones were shown to undergo saltational changes, probably caused by alterations in the biosynthetic pathways (Baker, 2002; Roelofs et al., 2002; Zimmermann et al., 2009; Dyer et al., 2014) . Saltational evolution has also been found for aggregation pheromones in bark beetles. They also function as sex pheromones and are therefore largely species specific (Symonds & Elgar, 2004; Symonds & Gitau-Clarke, 2016) .
In contrast, CHC profiles may evolve gradually if they are phylogenetically constrained. Under gradual evolution, multiple, small changes in chemical composition result in a strong phylogenetic signal, where closely related species are more similar than distant ones, according to the Brownian motion model (Losos, 2008) . Such a signal should be detectable even if there is directional evolution resulting from selection, and was indeed found in most physiological, morphological and behavioural traits (Blomberg et al., 2003) . A recent study on ants found evidence for gradual evolution of CHC traits (van Wilgenburg et al., 2011) . This study focused on qualitative characters such as the presence or absence of compound classes or homologous series in a profile. Such data reflect the presence or absence of biosynthetic pathways, where phylogenetic constraints are plausible. In contrast, the quantitative composition of a profile may be less constrained. For example, it seems possible that the abundance of a certain substance can be quickly up-or down-regulated given the biosynthetic pathway is present.
Most studies on the evolution of chemical profiles across multiple species have analysed the qualitative composition of volatile pheromone blends (Baker, 2002; Roelofs et al., 2002; Zimmermann et al., 2009 ) that consist of esters and other compound classes (but see Dyer et al., 2014) . This is useful if qualitative chemical composition (presence/absence of substances) is largely species specific, such as in pheromones of bark beetles (Symonds & Elgar, 2004; Symonds & GitauClarke, 2016) . However, if information is encoded not via substance identity, but rather via the quantitative composition of compounds which are present in most species (as is the case in CHC), it is desirable to complement qualitative data by quantitative traits.
In this study, we investigated phylogenetic constraints on CHC evolution in the ant genus Crematogaster. We decomposed the chemical profile into 17 univariate, quantitative traits. In addition, we recorded three discrete qualitative traits, which reflected overall CHC composition. We searched for phylogenetic signal on three levels of phylogenetic relatedness. Firstly, we analysed a data set of 43 Crematogaster taxa belonging to 38 described species from seven biogeographic regions. This data set spans all three major Crematogaster clades (Blaimer, 2012) . Phylogenetic signal was analysed for the whole data set and, secondly, for each clade separately. Finally, we analysed a set of 24 sympatric specimens from the chemically diverse Crematogaster (Orthocrema) levior species group. In this group, several new species and chemotypes have recently been described (Longino, 2003; Emery & Tsutsui 2013 Menzel et al., 2014) , suggesting recent speciation.
We hypothesized that, if CHC traits are phylogenetically constrained, phylogenetic signal should be detectable in quantitative and qualitative traits. Due to different levels of divergence, phylogenetic signal should vary between taxonomic levels, being lower across the whole genus but higher in each of the three clades (when analysed separately) or within the C. levior species group. As the activity of biosynthetic pathways producing specific CHC classes may be quickly up-or down-regulated, we expected the phylogenetic signal to be strongest among qualitative traits (presence/absence of CHC classes), but lower among quantitative ones (relative abundance of CHC classes). Alternatively, CHC profiles may evolve quickly. Under this scenario, we expected low phylogenetic signal that would not differ from random expectation.
Materials and methods

Study design
The genus Crematogaster (Formicidae: Myrmicinae) is species-rich, distributed globally and occurs in a variety of different habitats. Our set of 43 taxa belonging to 38 described species covered seven biogeographic regions (Nearctic, Neotropical, Palearctic, Australasian, SouthEast Asian, African and Malagasy) (Table S1 ). In the majority of our samples, individuals of the same species possessed similar quantitative and identical qualitative composition of cuticular hydrocarbon profiles. For our analysis, we therefore used one sample per species. However, strong qualitative variation of CHC profiles was detected in four species (Crematogaster macracantha, Crematogaster emeryana, Crematogaster difformis and Crematogaster onusta). Furthermore, two consistently different chemotypes were already known for C. levior (Emery & Tsutsui, 2013 , Menzel et al., 2014 . For these five species, we retained both respective chemotypes in the data set as the presence of strongly different profiles suggests the existence of cryptic species (Kather & Martin, 2012) . Our data set thus comprised 43 taxa (Table S1) , that is, either scientifically described species or one of two chemotypes within a species. For the sake of simplicity, we will use the term 'species' for these taxa henceforth.
For our analysis on the genus level, we used this data set of 43 Crematogaster taxa. For the subsequent analysis of closely related taxa, we used 24 specimens of the C. levior species group (including related species), which were all sampled in the tropical rainforest of French Guiana. All collection sites for the second data set were within 300 km from each other, and mostly much closer (Table S2) . . Injections were carried out in splitless mode with an inlet temperature of 250°C. Electron impact mass spectra were recorded with an ionization voltage of 70 eV, a source temperature of 230°C and a quadrupole temperature of 150°C. Using this set-up, substances up to C41 can be detected. To detect larger molecules (up to C50), the samples were additionally injected into the GC-MS equipped with a high-temperature column (Phenomenex ZB-5HT; column dimensions as above). Temperature was raised from 60°C by 5°C min À1 up to 350°C and then kept constant for 10 min. The interface had a temperature of 350°C. All other settings were as above. We identified all hydrocarbons based on diagnostic ions, M+ and retention indices (using Kovats' method, Carlson et al. 1998) . Chain length was measured as the number of carbon atoms in the backbone of the molecule. All hydrocarbons were quantified using the total ion count of the MSD output. If large quantities of polar substances were present in the extract, it was fractionated over a SiOH column (Macherey-Nagel) with hexane as eluent and re-injected into the GC-MS.
For each sample, we identified and quantified all hydrocarbons between C20 and C50. From these data, we calculated 17 quantitative CHC traits for each species (Tables S3, S4 ): firstly, the relative abundance of the eight hydrocarbon classes (i.e. their proportion compared to the total ion count of all hydrocarbons): n-alkanes, n-alkenes, alkadienes, monomethyl-, dimethyl-, trimethyl-branched alkanes, monomethyl-branched alkenes and hydrocarbons unidentifiable due to low abundance. Secondly, we determined the proportion of even-chain substances for all CHCs and separately for the five most abundant substance classes. On average, 85% of all hydrocarbons in a profile were odd-chained. As we noticed that the proportions of even-chain substances differed between substance classes, we calculated them separately for each of the more common substance classes. Thirdly, we calculated the median chain length, that is the chain length with 50% of the CHCs being shorter and 50% being longer (or equal). This metric considered the relative abundances of each hydrocarbon and thus did not depend on the actual number of different hydrocarbons (Menzel & Schmitt, 2012) . Upper (and lower) quartile chain lengths were defined in analogy, as the chain length with 75% (or 25%) of CHC being shorter than the quartile value.
In addition to the quantitative traits, we used three qualitative traits to categorize CHC profiles. Earlier studies showed that dimethyl alkanes and alkenes or alkadienes co-occur in the same species less often than expected, such that species possess either dimethyl alkanes or unsaturated compounds in larger quantities (> 5% of the total hydrocarbon abundance), but not both. Moreover, the presence of alkadienes is linked to the presence of alkenes (Martin & Drijfhout, 2009; Menzel et al., 2017) . The presence of these three hydrocarbon classes hence allows a basic categorization of CHC profiles. We created three binary variables indicating the presence or absence of dimethyl alkanes, alkenes and alkadienes above 5% of the total hydrocarbon abundance. This threshold was applied to prevent noise from small substance quantities, which may or may not be detected in sample extracts depending on total CHC concentrations. The remaining substance classes were not categorized this way as they occurred in nearly all (n-alkanes, monomethyl alkanes) or only few species in abundances > 5%, and thus were not phylogenetically informative.
Molecular data collection
To analyse phylogenetic signal in CHC profiles, we obtained a phylogeny for 43 Crematogaster taxa (38 recognized species, five of which had two distinct chemotypes each). The genetic data set consisted of five nuclear genes (concatenated into a single matrix) for the 38 recognized species representing the full breadth of phylogenetic and biogeographic diversity within the genus Crematogaster. The five genes were long-wavelength rhodopsin (LW Rh, 850-bp exon/222-bp intron), arginine kinase (ArgK, 390-bp exon), carbamoylphosphate synthase (CAD, 556-bp exon/146-bp intron), wingless (Wg, 409-bp exon) and topoisomerase 1 (TOP, 802-bp exon). The sequence lengths given here refer to the aligned sequence data included in the matrix used for phylogenetic inference (a total of 3375 bp, part of the intron data were excluded from analyses due to alignment ambiguity).
For 19 species, these data were already available from a previous study (Blaimer, 2012) . For the remaining 19 samples, DNA was extracted from worker ants or pupae using a DNeasy Blood & Tissue Kit (Qiagen Inc., Valencia, CA, USA), following the manufacturer's protocol but eluting the extract in sterilized water rather than the supplied buffer and at half the suggested volume. Amplifications of LW Rh, ArgK, CAD, TOP1, Wg and COI were performed using standard PCR methods outlined in Ward & Downie (2005) , and cycle-sequencing reactions were performed using PCR primers and BigDye â Terminator v3.1 Cycle Sequencing chemistry. They were analysed on an ABI 3730 Sequencer© (2011 Life Technologies, Washington, DC, USA) housed at Laboratories of Analytical Biology (L.A.B.) at the National Museum of Natural History (NMNH), Washington, DC. Sequence data were assembled and edited in GENEIOUS v7.0 (Biomatters Ltd., Auckland, New Zealand) and aligned with MAFFTv6.8 (Katoh et al., 2009) . A Recurvidris species (Myrmicinae: Crematogastrini) was used as outgroup taxon. For 27 taxa, nuclear gene information and chemical data had been obtained from different individuals. To ensure that the chemical and genetic samples indeed belonged to the same species, we obtained TOP1 sequences (802 bp) of all samples. We assembled an extended TOP1 data set for 66 taxa, which comprised TOP1 data from the original data set, those of the 27 individuals from which chemical data had been obtained, and a Recurvidris sequence as out group. As expected, samples from the same species (based on morphological identification) clustered together in the TOP1 gene tree (Fig. S1 ), confirming that specimens sampled in this study were genetically close to those sampled in Blaimer (2012) . For two species complexes, however, the nuclear locus TOP1 did not provide adequate resolution (C. levior/carinata and C. dentata/maina/ramamy complexes). We further knew from prior experience with Crematogaster (e.g. Blaimer & Fisher, 2013 ) that neither of the nuclear markers would provide phylogenetic resolution for the apparent cryptic species within C. levior. Thus, to analyse phylogenetic signal on a low phylogenetic level, we obtained the barcoding region of mitochondrial cytochrome oxidase I (COI, 658 bp) for 24 specimens within the C. levior species group.
Phylogenetic inference
Before reconstructing phylogenies, we used PartitionFinder (Lanfear et al., 2012) to simultaneously choose the best-scoring partition scheme and to select best-fitting models of nucleotide sequence evolution for all three data sets (five-gene, TOP1 and COI data sets). Phylogenetic analyses were performed on all data sets within a Bayesian framework (BI hereafter) using MrBayes v3.2.2 (Ronquist et al., 2012) , and within a maximum-likelihood framework (ML hereafter) using GARLI v2.0 (Zwickl, 2006) via the NMNH's computing cluster Topaz. BI analyses each employed two runs of Metropolis-coupled Markov chain Monte Carlo (MCMCMC) consisting of four chains (temp = 0.05) and sampling every 1000 generations for 20 million generations. Convergence of chains and other diagnostic values were assessed by confirming that the average standard deviation of split frequencies (ASDSF) had reached values well below 0.01 and potential scale reduction factor (PSRF) values had approached 1.0 for all parameters. In TRACER v1.5 (Rambaut & Drummond, 2007) , convergence was confirmed visually and mixing of chains was evaluated with effective sample size (ESS) values. Consensus trees were summarized in MRBAYES after discarding 25% of samples as burnin. A ML bootstrap search with 100 replicates was further performed in GARLI, with the resulting trees
summarized as a majority-rule consensus tree. All trees were rooted with the outgroup method, either with Recurvidris (all Crematogaster) or with Crematogaster rochai (C. levior species group). All newly generated sequences have been deposited in GenBank, with accession numbers included in Tables S1 and S2 , and voucher specimens for these are deposited in the NC State University Insect Collection, Raleigh, NC, USA. The aligned data matrices and Bayesian trees used to produce Fig. 1 and Fig. S1 have further been deposited in TreeBase with accession TB2:S18132. Mean sequence divergences within both data sets were calculated under the Tamura-Nei model (Tamura & Nei, 1993) with the software MEGA6 (Tamura et al., 2013) . All laboratory and computer work was conducted in and with the support of the L.A.B. facilities at the National Museum of Natural History (Washington, DC).
Analysis of phylogenetic signal
We investigated phylogenetic constraints on cuticular hydrocarbon evolution in Crematogaster by calculating the K-statistic (Blomberg et al., 2003) as a measure of phylogenetic signal. This approach was recently described as one of the most powerful to evaluate phylogenetic signal when branch length information is available (Pavoine & Ricotta 2013) . A K value less than one implies that, regarding the investigated trait, related taxa resemble each other less than expected under a Brownian motion model of evolution, and K = 0 indicates the random expectation (i.e. no phylogenetic signal). A K value greater than one implies that close relatives are more similar to each other than expected under Brownian motion (Blomberg et al., 2003) .
We calculated K for 17 quantitative CHC traits and tested whether K deviates from random expectation (P rand , assuming no phylogenetic signal). Both K and P rand were calculated based on two different algorithms (command phylosignal, package picante, and command phylosig, package phytools, 1000 randomizations each), which yielded highly similar results (Kembel et al., 2010; Revell, 2012 Blaimer (2012) .
. This was performed by simulating traits with phylogenetic signal using the commands brownie.lite, paintSubTree and fastBM (package phytools, 1000 randomizations).
The analyses were performed using the Bayesian trees resulting from analyses of our molecular data sets on (i) the genus Crematogaster, (ii) each of the three Crematogaster clades and (iii) the C. levior group. As five taxa (C. macracantha, C. emeryana, C. difformis, C. onusta and C. levior) showed two divergent CHC profiles for the same species, we modified our input tree to incorporate this information. We have evidence that these divergent chemical samples actually belonged to the same species as they were clustering together genetically (see results of TOP1 analysis, Fig. S1 ). Five terminal branches were therefore added as respective sister taxa to the five taxa mentioned above (see red branches in Fig. 1 ), by assigning very short lengths equidistant to their sisters and similar to estimates from the TOP1 analysis. Thus, K was measured across 38 + 5 Crematogaster taxa for the 'total Crematogaster' data set, 13 taxa for the Orthocrema clade, 19 taxa for the 'Global Crematogaster' clade and 11 taxa for the 'Australasian Crematogaster' clade. All analyses excluded the outgroup taxon Recurvidris. Polytomies in our Bayesian tree of the C. levior group were resolved to 0-length branches in Mesquite v3.11 (Maddison & Maddison, 2016) .
The three qualitative CHC traits (presence of dimethyl alkanes, alkenes and alkadienes above 5%) were analysed using the metric D for binary traits (Fritz & Purvis, 2010) , implemented in R package picante. In contrast to K, D equals 1 for a phylogenetically random distribution and 0 if the trait has evolved under the Brownian motion model. Values of D can fall outside this range. Significance tests for departure from the random (P rand ) or the Brownian motion model (P BM ) were performed using the command phylo.d (library caper). Multiple analyses within the same data set were corrected for false discovery rate (FDR) (Benjamini & Hochberg, 1995) .
Comparing genetic and chemical distance
To compare genetic and chemical distance, we performed NMDS analyses in R (package vegan), (i) based on genetic distances based on the Tamura-Nei model and (ii) based on Bray-Curtis distances of the chemical profiles. Here, the chemical profiles were given as relative abundances of each hydrocarbon class for each chain length. The two ordinations were compared using procrustes rotation (10 000 rotations). Furthermore, genetic and chemical distances between the samples were compared using Spearman-based Mantel tests with 10 000 randomizations. These analyses were conducted for the 43 Crematogaster taxa and for the 24 taxa of the C. levior species group.
Results
Phylogenetic inference
Phylogenetic analysis for 43 Crematogaster species (including five with two chemotypes each), based on five nuclear genes, resulted in a similar tree as was reported in a previous comprehensive study, with the three clades 'Orthocrema', 'Australasian Crematogaster' and 'Global Crematogaster' (Blaimer, 2012) well supported (Fig. 1) . In the C. levior species group, the two chemotypes C. levior A and B (Menzel et al., 2014) were both recovered as monophyletic with high bootstrap support, except for one outlier not part of these two clades, but chemically similar to C. carinata. In contrast, the C. carinata samples fell into two phylogenetically distinct clades, despite lack of strong chemical differences (Figs. 4 and 5 ). 
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Phylogenetic signal within the genus Crematogaster
Phylogenetic signal (Blomberg's K) was measured for 17 quantitative CHC traits across all 43 Crematogaster species, as well as separately for each of the three clades. However, none of these traits showed a phylogenetic signal across the genus (Table 1) . Within the three clades, strong phylogenetic conservatism (K = 1.39, P < 0.001) was found only for the lower quartile of CHC chain length in the Global Crematogaster clade (Table 1) . No other quantitative trait deviated from the random model. In contrast, all traits departed from the Brownian motion model across all 43 species, and the same was true for most traits in the clade-wise analyses.
Besides the single traits described above, we calculated chemical distances between taxa based on the whole CHC profile. The ordinations based on chemical and genetic distances were strongly different (procrustes test for congruence: 43 taxa: r = 0.21, P = 0.26; 38 taxa: r = 0.27, P = 0.12, 10 000 rotations; Fig. 2a,b) . However, the chemical and the genetic distances were weakly correlated (Spearman-based Mantel test for 43 taxa: r = 0.081, P = 0.084; for the 38 recognized species: r = 0.15, P = 0.018; 10 000 permutations) (Fig. 3a) . The correlation did not change after removing distances between very closely related individuals (Tamura-Nei distance < 0.01; Mantel test modified to tolerate missing values for 43 taxa: r = 0.082, P = 0.088; for the 38 recognized species: r = 0.15, P = 0.021).
Dimethyl alkanes and alkenes co-occurred in the same species less often than expected (Fisher test: P = 0.00017): 26 species possessed alkenes but not dimethyl alkanes, whereas nine species possessed dimethyl alkanes but not alkenes in abundances above 5% (Fig. 1) . The presence of alkenes and alkadienes was positively related (Fisher test: P = 0.040), whereas alkadienes and dimethyl alkane presence was unrelated (P = 0.48). The presence of dimethyl alkanes showed weak phylogenetic signal (D = 0.46), deviating from random (P rand = 0.017) but not from Brownian motion (P BM = 0.11). In contrast, the presence of alkenes and alkadienes lacked phylogenetic signal: both traits showed a random distribution different from the Brownian motion model (alkenes: D = 0.92, P rand = 0.34, Table 1 Phylogenetic signal of cuticular hydrocarbon (CHC) traits in Crematogaster, whole genus and the three major clades. The table shows the K-statistics (for 17 quantitative traits) and D values (for three qualitative traits), plus the P values from comparisons with the random model and the Brownian motion model (P rand and P BM ). Results that remain statistically significant after FDR correction are shown in bold. Phylogenetic signal differs from random if K or D differs from random expectation (P rand < 0.05) but not from the Brownian motion model (P BM > 0.05). This is true here only for the lower quartile chain length in the 'Global clade', and for the presence of dimethyl alkanes in the 'all Crematogaster' data set. n/a: phylogenetic signal was not calculated as only one sample had a nonzero value.
P BM = 0.012; alkadienes: D = 1.07, P rand = 0.61, P BM = 0.001). Only three species (C. modiglianii, C. polita and C. levior A) possessed dimethyl alkanes, alkenes and alkadienes with ≥ 5% each. Separate analyses for the three clades showed only weak effects, none of which remained significant after FDR correction (Table 1) .
Phylogenetic constraints within the Crematogaster levior species group
Within the C. levior group, all quantitative traits significantly departed from the Brownian motion model, with K values ranging from 0.012 to 0.251 (Table 2) . While nine traits did not differ from random expectation, the proportion of n-alkanes, monomethyl alkanes, alkenes, alkadienes and the three chain length metrics (median, upper and lower quartile) differed both from the Brownian motion model and from random expectation.
We found two clearly divergent, monophyletic mitochondrial lineages within C. levior (denoted A and B, Fig. 4) , which corresponded to the two chemotypes A and B of this species (Menzel et al., 2014) . As expected, the genetic distance between C. levior A and B was much lower than between other taxa of this species group. In contrast, their chemical distance was large and greater than the chemical distances, for example between genetically distant species such as C. levior B and Crematogaster evallans (Fig. 5a,b) . Accordingly, NMDS ordinations based on genetic and on chemical distance differed drastically (procrustes test for congruence of ordinations: r = 0.20, P = 0.64, 10 000 permutations).
Genetic and chemical distances were positively correlated (Mantel test: r = 0.28, P = 0.0004) (Fig. 3b) . The table shows the K-statistics (for 17 quantitative traits) and D values (for three qualitative traits), plus the P values from comparisons with the random model and the Brownian motion model (P rand and P BM ). Results that remain statistically significant after FDR correction are shown in bold. Analyses were omitted for tetramethyl alkanes, alkatrienes and methyl-branched alkadienes as they only occurred in few taxa. 'n/a': phylogenetic signal was not calculated as the proportion of even-chain alkadienes was above zero only in one sample.
However, this effect disappeared when distances between closely related individuals (Tamura-Nei distance < 0.01) were removed (Mantel test: r = 0.0071, P = 0.46), indicating that it was solely driven by chemical similarity between members of the same chemotype. The presence or absence of alkenes and alkadienes (Fig. 4) showed a strong signal of phylogenetic conservatism and differed from expectations of the random model but not the Brownian motion model (alkenes: D = À1.0, P rand = 0.007, P BM = 0.85; alkadienes: D = À0.93, P rand < 0.001, P BM = 0.91). In contrast, the presence or absence of dimethyl alkanes rather conformed to the random model than Brownian motion, but did not differ significantly from either model after FDR correction (D = 0.93, P rand = 0.32, P BM = 0.041). Dimethyl alkane and alkene presence was negatively correlated (Fisher test: P = 0.042), but neither of them was related to alkadiene presence (both P ≥ 0.27).
Discussion
The evolution of a complex trait such as the cuticular hydrocarbon profile is still poorly understood. In the present study, we studied phylogenetic signal of quantitative and qualitative CHC traits across the entire genus Crematogaster, within three Crematogaster clades and in the chemically diverse C. levior species group. For most quantitative traits, phylogenetic signal was surprisingly low in all data sets and did not differ from a random model of evolution. Across the whole genus and in the three clades, phylogenetic signal was only nonrandom for one quantitative and three qualitative traits. In contrast, seven quantitative and two qualitative traits showed nonrandom signal in the C. levior species group, indicating that phylogenetic signal can vary across taxonomic scales.
Low phylogenetic constraints on genus and clade level
With one exception, none of the quantitative traits in the total Crematogaster data set and in the clade-wise data sets showed a phylogenetic signal different from random expectation. However, nearly all of them strongly deviated from the Brownian motion model. Among the qualitative traits, one (presence of dimethyl alkanes) showed a significant phylogenetic signal, whereas the other two differed from Brownian motion but not from expectations under a random model. These results support the notion that only the presence or absence of certain biosynthetic pathways, for example for the production of dimethyl alkanes, may be phylogenetically constrained. However, the quantitative substance composition -given a hydrocarbon class can be produced by the insect -can evolve rapidly: gradual evolution of small, accumulated changes, even under directional selection, would yield a phylogenetic signal (Blomberg et al., 2003) , which we did not find for the quantitative traits. Blomberg et al. found significant phylogenetic signal in 92% of the traits they analysed, including morphological, behavioural, body-size, lifehistory and physiological traits. Similarly, phylogenetic signal was significant for nearly all analysed traits across a large primate phylogeny (Kamilar & Cooper, 2013) . The lack of signal in the CHC traits of our study, together with the significant deviation from the Brownian motion model, shows that CHC profiles may evolve in a saltational mode.
This result fits large saltational shifts in the evolution of beetle aggregation pheromones (Symonds & GitauClarke, 2016) , but contradicts previous studies on aggregation pheromones in Drosophila and Tephritidae flies (Symonds & Wertheim, 2005; Symonds et al., 2009) . Moreover, a recent study found gradual evolution in ant CHC profiles (van Wilgenburg et al., 2011) . In our opinion, the cause of this difference is that we mostly analysed quantitative traits rather than simple presence or absence of substances. The abundance of a substance should be under stronger selection than its mere presence: the relative impact of a substance on, for example, the waterproofing capacity of the cuticle depends on its relative abundance, not on its presence or absence alone. A rare substance may experience little selection due to its small impact on overall cuticle properties, but a researcher will still record its presence. Therefore, quantitative CHC composition may quickly respond to selective pressures and evolve in a saltational mode, whereas the presence or absence of substances may show less evolutionary change, and hence a stronger phylogenetic signal. Indeed, several qualitative traits we analysed showed phylogenetic signal, such as presence of dimethyl alkanes (total Crematogaster data set) and presence of alkenes and alkadienes (C. levior species group). This indicates that the presence or absence of a biosynthetic pathway may be conserved, but the quantitative composition is less constrained.
We suggest that the production of entire compound classes can quickly be up-or down-regulated given that the biosynthetic pathway is present. This may enable an insect to rapidly adapt to selection pressures, for example from climatic conditions or biotic interactions (Rouault et al., 2004; Menzel & Schmitt, 2012) . Indeed, few point mutations can induce radical changes in the CHC profile, either through changes in gene functionality or changes in gene expression. These changes can suffice to cause reproductive isolation between populations (Wicker- Thomas, 2011) . Similarly, experimental silencing of a single CHC gene triggered CHC changes and thereby affected mate choice (Chung et al., 2014) . Several gene families involved in CHC biosynthesis have diversified in social insects (Helmkampf et al., 2014) , suggesting the social insects possess a rich enzymatic arsenal that enables quick adaptation to selection pressures.
It is important to keep in mind that the strength of a phylogenetic signal depends on the taxonomic level Fig. 3 ). Numbers denote the number of specimen if multiple specimens appear closely together in the ordination.
For example, the presence of a compound class shows little signal within Crematogaster if all Crematogaster species can produce it. In contrast, the same trait may be found highly conserved in investigations across a wider taxonomic scale if other taxa lack this ability. This explains why the presence of alkenes, mono-, di-and tri-methyl alkanes showed a strong phylogenetic signal across the order Hymenoptera (Kather & Martin, 2015) , but not necessarily among Crematogaster species. Moreover, the difference in taxonomic scale explains why the presence or absence of substance classes shows evidence for saltational evolution on the genus or clade level (this study), while a contrasting pattern of gradual evolution may be found in studies on higher taxonomic levels, as has been reported for ants on the family level (van Wilgenburg et al., 2011) .
On low taxonomic level: random quantitative traits, conserved qualitative traits
Compared to the genus-and clade-wise analyses, the quantitative traits in the C. levior species group showed even lower K values, and all of them differed from the Brownian motion model. Interestingly, however, seven traits additionally differed from the random model (three chain length traits and the abundances of n-and monomethyl alkanes, alkenes and alkadienes). These four substance classes had an average abundance of 15.1-30.0% within the C. levior species group, whereas the remaining compounds, including dimethyl alkanes, were rare (0.07-5.3%). That their evolution differs from both models is difficult to interpret. It might be due to conflicting patterns in different parts of the phylogeny, with traits being extremely labile in some species groups, but more conserved in others. For example, C. levior A is chemically more variable than C. levior B (Fig. 5 , Menzel et al., 2014) , which might explain our results. Even on the low taxonomic level of a species group, quantitative CHC traits are hence malleable and diversify quickly. Strong chemical differences between closely related or even cryptic species have regularly been shown (Elmes et al., 2002; Menzel et al., 2008; Morrison & Witte, 2011; Pokorny et al., 2013) . Given the lack of phylogenetic constraints, this might be the rule rather than the exception, with the most pronounced example in our data being C. levior A and B. The two taxa are genetically close and morphologically undistinguishable, but differ greatly in CHC composition and chain length (Menzel et al., 2014) . Possibly, chemical diversification might be driven by the need to avoid interspecific matings. In many solitary insects, CHCs function as contact sex pheromones (Thomas & Simmons, 2008) . If they fulfil this role in social insects as well, they should be under selection for sexual character displacement between reproductively isolated populations (Gr€ oning & Hochkirch, 2008) . In this case, chemical divergence between workers of related species could be a by-product of the divergence of the corresponding sexuals. This seems plausible given that workerqueen similarity within a species is higher than worker-worker or queen-queen similarity between species in the ant genus Temnothorax (Brunner et al., 2011) . However, little is known yet on the role of CHC for mate recognition in social insects, rendering this interpretation tentative.
In contrast to the quantitative traits, the presence or absence of alkenes and alkadienes was highly conserved in the C. levior group. Similar to our results on the genus level, we therefore conclude that the presence or absence of a biosynthetic pathway can be conserved, but once it is present in an organism, its quantitative expression is not phylogenetically constrained.
Conclusion
Our study shows that the quantitative composition of chemical profiles in ants experiences hardly any phylogenetic constraints. This makes CHC profiles a useful trait to delimit species and discover cryptic species (Kather & Martin, 2012; Pokorny et al., 2013) . However, no further phylogenetic information, for example for chemosystematics, can be derived beyond the species level. Of course, this may apply only to Crematogaster or other ant genera. CHC evolution might be more phylogenetically constrained in other insect taxa where CHCs play a minor role for communication, such as aphids (Lang & Menzel, 2011) or ladybeetles (Magro et al., 2010) , and may also depend on the genetic equipment of a taxon for CHC biosynthesis. This seems the more plausible if additional compounds besides CHC are used as sex pheromones (moths: Roelofs et al., 2002; aphids: Birkett & Pickett, 2003) , such that there is no selection for species specificity on CHC profiles. Thus, more studies on other insect taxa are necessary to understand the generality of our results.
Cuticular hydrocarbons serve a dual function -as a communication signal and as a desiccation barrier (Blomquist & Bagn eres, 2010) . The two functions may well result in antagonistic selection pressures. For example, two sympatric ant populations may face selection for chemical character displacement, but, living in the same habitat, experience similar selection pressures for waterproofing. To better understand CHC evolution, future studies should therefore address (i) how chemical traits precisely influence the physicochemical properties relevant for waterproofing or the diffusion of communication cues on the cuticle, and (ii) the role of sequence evolution vs. changes in gene expression for the differentiation of chemical profiles. This will allow us to understand which traits precisely are selected for, and which genetic and gene regulatory mechanisms are available to respond to selective pressures.
bootstrap values from maximum-likelihood analysis; only pp ≥ 0.95 and bootstrap values ≥ 70 are shown. The 28 taxa for which only TOP1 was sequenced are highlighted in red; taxa (genetic data from Blaimer, 2012) for which no CHC were collected are marked with *. The long branch subtending the outgroup taxon Recurvidris has been manually shortened. Table S1 List of the 43 taxa investigated for analysis of the whole genus Crematogaster, with clade membership, collection site, collector and CASENT number. Table S2 Specimen for the analysis of the C. levior species group. All specimen were collected in 2012 in the tropical rainforest of French Guiana, except for CASENT0347582 (tropical rainforest, Suriname), and CASENT0319663 (urban garden, French Guiana). Table S3 CHC data of the total Crematogaster data set analysed in this study. Table S4 CHC data for the C. levior data set analysed in this study.
